Autoimmunity is prevented by the function of the autoimmune regulator [AIRE (Aire in mice)], which promotes the expression of a wide variety of tissue-restricted antigens (TRAs) from medullary thymic epithelial cells (mTECs) and from a subset of peripheral antigen-presenting cells (APCs). We examined the effect of additive expression of human AIRE (huAIRE) in a model of autoimmune diabetes in NOD mice. Unexpectedly, we observed that mice expressing augmented AIRE/Aire developed muscle-specific autoimmunity associated with incomplete maturation of mTECs together with impaired expression of Aire-dependent TRAs. This led to failure of deletion of autoreactive T cells together with dramatically reduced production of regulatory T cells in the thymus. In peripheral APCs, expression of costimulatory molecules was augmented. We suggest that levels of Aire expression need to be tightly controlled for maintenance of immunological tolerance. Our results also highlight the importance of coordinated action between central tolerance and peripheral tolerance under the common control of Aire.
Introduction
Development of harmful autoimmunity is prevented by two distinct but functionally cooperative mechanisms: central tolerance established in the thymus and peripheral tolerance operational outside the thymus. In the thymus, autoreactive T cells are eliminated by clonal deletion through interaction with self-antigens presented by medullary thymic epithelial cells (mTECs) and/or dendritic cells (DCs) that reside in the thymus [1] . The thymus also contains a population of B cells that preferentially co-localize with DCs and mTECs, and their role in central tolerance has also been suggested [2, 3] . This process of negative selection, however, does not seem to be perfect, and some T cells are capable of reacting with self-antigens in the periphery [4, 5] . It has been suggested that the major function of regulatory T cells (Tregs) is to maintain these autoreactive T cells in an anergic state [6] . Thus, cooperation between central tolerance and peripheral tolerance is essential for prevention of autoimmunity.
One of the best characterized factors within mTECs that contribute to the expression of tissue-restricted antigens (TRAs), thereby contributing to central tolerance, is the autoimmune regulator [AIRE (Aire in mice)]: mutations in AIRE cause autoimmune polyendocrine syndrome type 1 (OMIM 240300) [7] . Loss of Aire in mice has been demonstrated to result in defective expression of many TRAs, consequently allowing the escape of autoreactive T cells [8e10] and impaired Treg production [11, 12] . As well as mTECs, Aire expression has been demonstrated in bone marrow (BM)-derived non-conventional antigen-presenting cells (APCs) that show major histocompatibility complex (MHC) class II (MHC-II) high expression as a distinct tolerogenic cell population in secondary lymphoid organs, so-called extrathymic Aire-expressing cells (eTACs) [13, 14] . Thus, Aire exerts its tolerogenic function not only within the thymic microenvironment but also in the periphery [15] . Based on these findings, we examined the effect of augmented Aire expression in NOD mice, in which insulin is a primary autoantigen for the development of type I diabetes [16] . Of note, insulin 2 (Ins2) is a prototypic TRA in mTECs whose expression level is strongly affected by loss of Aire [10] . Because of the action of Aire for activation of TRA expression in both mature MHC-II high mTECs and a subset of peripheral APCs exhibiting MHC-II high [14] , we achieved augmented Aire expression in NOD mice with the use of the MHC-II promoter, resulting in an unexpected outcome: mice expressing augmented AIRE/Aire developed muscle-specific autoimmunity associated with incomplete maturation of mTECs and impaired expression of Aire-dependent TRAs.
Materials and methods

Mice
Mice expressing huAIRE under control of the MHC-II promoter (pDOI-5) [17] were generated by pronuclear injection of DNA into NOD mouse eggs. In brief, a 1.6-kb cDNA fragment encoding the entire huAIRE protein was ligated into the EcoRI site in exon 3 of the rabbit b-globin gene, resulting in the generation of a linearized 5.5-kb XbaI-NruI fragment for the injection. Aire-deficient mice on a NOD background have been reported previously [18] . NOD/ShiJicscid Jcl mice and Rag2-deficient mice on a C57BL/6 background were obtained from CLEA Japan Inc. and Taconic, respectively. Rag2-deficient mice were backcrossed onto NOD for more than four generations in our laboratory. B-cell-deficient NOD mice [19, 20] and OT-II Tg mice [21] were purchased from the Jackson Laboratory. Tg mice expressing OVA under control of the rat insulin promoter (RIP-OVA Tg) [22] were kindly provided by Dr. MJ. Bevan (Department of Immunology, Howard Hughes Medical Institute, University of Washington, Seattle, WA). The mice were maintained under pathogen-free conditions, and handled in accordance with the Guidelines for Animal Experimentation of Tokushima University School of Medicine.
Immunohistochemistry
Tissues were harvested, embedded in OCT compound (Sakura Finetek) , and frozen at À80 C. Frozen tissue sections were fixed in acetone. Immunohistochemical analysis of the thymus using rabbit polyclonal anti-huAIRE antibody (Ab) (prepared in our laboratory), rat anti-huAIRE mAb (eBioscience), rat anti-mouse Aire mAb (clone RF33-1 prepared in our laboratory) and anti-epithelial cell adhesion molecule 1 (EpCAM) mAb (eBioscience) was performed as described previously [23, 24] . Anti-CD4, anti-CD11b and F4/80 monoclonal Abs (mAbs) were from BioLegend.
Pathology
Formalin-fixed tissue sections were subjected to H&E staining, and two pathologists independently evaluated the histology without being informed of the detailed condition of each individual mouse.
TEC preparation and flow-cytometric analysis
Preparation of TECs and flow-cytometric analysis with a FACScalibur (BD) and a FACSAria II (BD) were performed as described previously [25] . In brief, thymic lobes were isolated from mice and cut into small pieces. The fragments were pipetted to remove the majority of thymocytes in RPMI 1640 medium (Gibco) supplemented with 10% heat-inactivated FCS (Bovogen), 20 mM HEPES, 50 U/ml penicillin, 50 mg/ml streptomycin, and 50 mM 2-ME, hereafter referred to as R10. The resulting thymic fragments were digested with 0.15% collagenase D (Roche) and 10 U/ml DNase I (Roche) in R10 at 37 C for 30 min. The supernatants, containing dissociated TECs, were saved, and the remaining thymic fragments were digested with 0.15% collagenase/dispase (Roche) and DNase I at 37 C for 30 min. The supernatants from this digest were combined with the supernatants from the collagenase digests, and the mixture was centrifuged for 5 min at 400 Â g. The cells were suspended in PBS containing 5 mM EDTA and 1% BSA, and kept on ice until the staining. The mAbs used were anti-CD45, anti-Ly51, anti-CD80, anti-CD86, anti-PD-L1, anti-PD-L2, anti-CD40, anti-CD8a, B220, anti-CD19, anti-Foxp3 and anti-I-A/I-E, all purchased from eBioscience. Anti-CD3ε, anti-CD4 and anti-EpCAM mAbs were from BioLegend. Anti-I-A d , anti-TCR/Va2 and anti-TCR/Vb5 were from BD Biosciences. Ulex europaeus agglutinin 1 (UEA-1) was from Vector Laboratories.
Bone marrow (BM) transfer
BM transfer was performed as described previously [26] . In brief, BM cells were suspended in R10 medium containing anti-CD90 (Thy1.2) mAb (clone 30-H12; BioLegend) plus low-toxicity rabbit complement (Cedarlane Laboratories). After incubation at 37 C for 45 min, the cells were washed twice and adjusted to 5 Â 10 7 viable cells/ml in R10 not containing FCS. Each recipient mouse was then lethally irradiated (9 Gy) and treated with 0.2 ml of donor BM cells i.v. on the same day.
Transfer of T cells into NOD.scid mice
T cells were isolated from the spleen, as described previously [18] . In brief, the spleen cell suspensions were depleted of red blood cells by osmotic lysis, and T cells were purified using biotinylated mAb cocktails containing anti-B220, anti-CD11b, antiCD11c, anti-CD49b and TER-119 with streptavidin MicroBeads (Miltenyi Biotec). The resulting preparations contained approximately 90% CD3ε þ cells. Tregs isolated using a Regulatory T Cell Isolation Kit (Miltenyi Biotec) at a 2:1 ratio in the presence of CD3/CD28 Ab beads (Thermo Fisher). Cell division was assessed 72 h after mixing the cells.
Real-time PCR
RNA was extracted from TECs using RNeasy Mini Kits (QIAGEN) and converted to cDNA with SuperScript III or VILO RT Kits (Invitrogen) in accordance with the manufacturer's instructions. Realtime PCR for quantification of the insulin 2 (Ins2), salivary protein 1 (SAP1), C-reactive protein (CRP), myosin heavy chain 7 (Myh7), mouse Aire (Aire), human AIRE (huAIRE), ovalbumin (OVA) and Hprt genes was performed as described previously [18, 23, 25] . Detailed sequence information is provided in Supplemental Table 1 .
Fluorescence in situ hybridization (FISH)
Splenocytes isolated from huAIRE-Tg line 1m4L were stimulated with PHA-M (3 mg/ml, Sigma-Aldrich), concanavalin A (3 mg/ml, Sigma-Aldrich) and lipopolysaccharide (10 mg/m, Sigma-Aldrich) for 2 days, followed by addition of demecolcine (0.02 mg/ml: Sigma-Aldrich) for 2 h. The cells were then suspended in 0.075 M KCl for 15 min. FISH analysis was performed using fixed metaphase spreads of splenocytes on slides using biotin-labeled huAIRE cDNA (1.6-kb EcoRI/SalI fragment). After hybridization at 37 C overnight, the slides were incubated with Alexa Fluor 488 streptavidin (Life Technologies) at 37 C for one hour. One round of amplification with biotinylated anti-avidin (Vector) and a second detection with Alexa Fluor 488 streptavidin were performed to visualize the signal (Takiguchi et al., 2014; Tomizuka et al., 1997). After washing the slides, chromosomal DNA was counterstained with DAPI (SigmaAldrich), and images were captured using a Zeiss Axio Imager 2 (Zeiss).
RNA-seq analysis
Total RNAs from sorted mTEC high were isolated using an RNeasy Mini Kit (Qiagen) following the manufacturers' instructions. Eluted RNAs were incubated with RT-grade DNase (Nippon Gene) for 10 min at room temperature, followed by purification on an RNeasy column (Qiagen). RNAs were verified quantitatively and qualitatively using an Agilent RNA 6000 Pico Kit run on an Agilent 2100 Bioanalyzer (Agilent Technologies). RNA Integrity Numbers were more than 7. Three independent biological replicates from each genotype were used for RNA-seq analysis. Sequencing libraries were generated from 1.0 ng of total RNA with Ovation SoLo RNA-Seq Systems (NuGEN). The libraries were size-selected with AMPure XP beads (Agilent Technologies) and used for cluster generation on the flow cells. Single-end 150-bp sequencing was performed with Illumina MiSeq (Illumina), which generated 5.8e20 x 10 6 sequenced fragments per sample. Prior to alignment, the reads were trimmed to remove adapter sequences. Reads were mapped to the mouse reference genome GRCm38/mm10 using the STAR aligner with option: -outSAMtype BAM SortedByCoordinate to generate a sorted BAM format. Differential gene expression between the experimental samples was analyzed with Cufflinks. Read count tables and group comparisons for differential expression analysis were performed with Cuffdiff, a part of the Cufflinks package. The false-discovery rate (FDR) for detection of differentially abundant transcripts was set to 5%. The data set associated with this project has been submitted to DDBJ Sequence Reads Archive (DRA accession number: DRA005738 and DRA005834). 
Microarray analysis
Immunoblot analysis
Myosin was purified from heart and soleus muscle of wild-type NOD mice as described previously [27] . Briefly, tissues were homogenized and washed five times with 30 mM KCl, 10 mM phosphate (pH 6.8), 0.2 mM PMSF at 4 C. The pellet was suspended in 1 ml of an extraction solution (300 mM KCl, 5 mM ATPMg, 10 mM MgCl 2 , 0.1 mM DTT and 150 mM phosphate, pH 6.8). After incubation on ice for 60 min, the insoluble fraction was removed by centrifugation at 20,000 Â g for 15 min. The supernatant was dialyzed overnight against 1000 vol of solution containing 10 mM KCl, 0.1 mM DTT and 10 mM Tris-HCl (pH 7.2). Protein concentration was determined according to the Bradford method using albumin as a standard. Tissue lysates were prepared by grinding with liquid nitrogen, and boiled in SDS-sample buffer (50 mM Tris-HCl, 2% SDS, 100 mM DTT and 100 mM NaCl, pH 6.8). Two hundred nanograms of total lysate or 20 ng of purified mouse myosin was separated on a 7e14% gradient SDS gel, and the protein was transferred to polyvinylidene fluoride (PVDF) membranes (IPVH00010, Millipore). After blocking, the blots were incubated with sera from transgenic mice at 1:10,000 dilution, followed by incubation with HRP-conjugated sheep anti-mouse IgG (NA931V, GE Healthcare) at 1:20,000 dilution. Signals were developed using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific).
Results
Generation of transgenic mice expressing human AIRE from APCs in the thymus and periphery
In order to achieve discrimination between Aire protein expressed transgenically and that expressed endogenously in mice, we expressed human AIRE (huAIRE) under control of the MHC-II promoter: huAIRE and endogenous mouse Aire protein can be independently monitored using mAbs specific for each by flowcytometric analysis and immunohistochemistry. Four independent Tg lines (huAIRE-Tg lines 2m9L, 1m4L, 20P and 8 L) expressing huAIRE in the thymus on a NOD background were established, and three lines e except for line 20P which did not breed well e were analyzed in detail. huAIRE þ cells were located predominantly in the medulla, with lower numbers in the cortex (Fig. S1A ). Because we utilized the MHC-II promoter, B cells and DCs also expressed huAIRE. Assessment of huAIRE expression in peripheral blood showed that line 2m9L had~30% huAIRE þ B cells, followed by~8%
in line 1m4L and~2% in line 8 L (Fig. S1B ). This variation in the level of huAIRE expression was correlated with the expression level of huAIRE in the thymus (Figs. S1A and S1B). Detailed immunohistochemistry of mTECs using huAIREspecific polyclonal Ab and mouse Aire-specific mAb in line 2m9L showed that approximately three-quarters of the huAIRE þ cells contained typical nuclear dots of huAIRE, in which endogenous mouse Aire was completely co-localized (Fig. 1A) . The other onequarter of the huAIRE þ cells expressed huAIRE as a single to a few larger nuclear dots within an mTEC, in which mouse Aire was scarcely co-expressed. In two other lines (1m4L and 8 L) which showed lower levels of huAIRE expression than line 2m9L, nuclear dots of huAIRE and endogenous mouse Aire showed an almost completely overlapped distribution in the thymus (data not shown).
Flow-cytometric analysis of mTECs from line 2m9L showed that, in heterozygous huAIRE-Tg (þ/Tg), huAIRE was expressed predominantly by mature mTECs with CD80 high expression (mTEC high ) (Fig. 1B , upper: gating strategy for each TEC fraction is shown in Fig. S2 ). When mice were bred onto homozygosity for the transgene (Tg/Tg), we observed more huAIRE þ mTECs, half of which were from the CD80 low population (Fig. 1B , upper and 1C, left). cTECs from heterozygous 2m9L huAIRE-Tg also expressed huAIRE, and homozygous 2m9L huAIRE-Tg had more huAIRE þ cTECs (Fig. 1B , lower and 1C, right). Importantly, premature death due to the severe autoimmune phenotypes seen in NOD mice lacking Aire (i.e., massive acinar cell destruction in the pancreas and severe pneumonitis) [18] was completely abrogated by crossing with each of the three huAIRE-Tg lines [depicted for line 2m9L in Fig. 1D (for survival) and Fig. 1E (for pancreatic pathology)]. Furthermore, Aire-deficient heterozygous huAIRE-Tg (Aire-KO/heterozygous huAIRE-Tg) derived from lines 1m4L and 8 L, but not 2m9L (see the following section of "3.2. Development of muscle-specific autoimmunity in huAIRE-Tg"), developed diabetes similarly to wild-type NOD (data not shown), suggesting that huAIRE can compensate for the loss of endogenous mouse Aire. Thus, transgenic huAIRE expressed by MHC-II þ cells is immunologically competent and physiologically relevant to the roles of endogenous mouse Aire. All three huAIRE-Tg lines had small thymi in comparison with their littermates (depicted for 2m9L huAIRE-Tg in Fig. S3A ), as reflected by the reduced numbers of total thymocytes, CD4
þ T cells and CD8 þ T cells (depicted for heterozygous 2m9L huAIRE-Tg in Fig. S3B , left and S3C). Although the CD4/CD8 ratio of thymocytes was grossly normal in heterozygous huAIRE-Tg in a polyclonal setting (Fig. S3D ), the absolute number of thymic Tregs was decreased in homozygous 2m9L huAIRE-Tg, but not in heterozygous huAIRE-Tg (Fig. S3E, left) . In the spleen, the number of T cells, but not B cells, was decreased in a gene-dosage-dependent manner ( Fig. S3F ), although the absolute numbers of Tregs were retained and heart using immunohistochemistry. Scale bar: 10 mm. (B) Western blot analysis using protein extract from heart (H), skeletal muscle (M), and crude myosin prepared from heart (My H) or from skeletal muscle (My M). Sera obtained from non-Tg (left) and homozygous huAIRE-Tg (right) were examined for their reactivity. (C) Sequential analysis of the production of autoantibodies against heart (H) and skeletal muscle (M). Sera were harvested from peripheral blood of the same homozygous 2m9L huAIRE-Tg (i.e., mouse 1, 2 and 3) at the indicated ages. (D) Supplementation of drinking water with prednisolone starting from 8 weeks of age [5 mg/kg/day (n ¼ 4) or 1 mg/kg/day (n ¼ 2)] prevented the lethality of homozygous 2m9L huAIRE-Tg (n ¼ 6 in total). All the control mice without prednisolone treatment died prematurely (n ¼ 3). P < 0.01, Log-Rank test. . Cellular mechanisms underlying the development of muscle-specific autoimmunity caused by additive expression of huAIRE. (A) Polymyositis-like pathology developed only when both BM donors and recipients were homozygous huAIRE-Tg (n ¼ 6) (red), whereas other combinations showed no disease: survival of mice (non-Tg into nonTg, n ¼ 5; non-Tg into homozygous 2m9L huAIRE-Tg, n ¼ 6; homozygous 2m9L huAIRE-Tg into non-Tg, n ¼ 4) were mixed together (blue). P < 0.01, Log-Rank test. (B) BM from heterozygous huAIRE-Tg developed the disease when transferred into homozygous huAIRE-Tg (n ¼ 4), similarly to the homozygous huAIRE-Tg transferred with BM from homozygous huAIRE-Tg (adapted from A: n ¼ 6). BM from homozygous huAIRE-Tg did not develop the disease when transferred into heterozygous huAIRE-Tg (n ¼ 6) (green). P < 0.01, Log-Rank test. (C) Development of polymyositis-like pathology by transfer of splenic T cells from homozygous 2m9L huAIRE-Tg into NOD.scid mice. NOD.scid mice received splenic T cells from homozygous huAIRE-Tg already exhibiting the obvious disease phenotype (n ¼ 4) or before the onset of disease (both approximately 10 week-old) (n ¼ 5), or splenic T cells from wild-type NOD mice (n ¼ 4). NOD.scid mice that had received splenic T cells from wild-type NOD mice died due to diabetes, and were free of polymyositis-like pathology upon autopsy. T cells isolated from the diseased mice induced lethality due to polymyositis-like autoimmunity more quickly than those isolated from mice that had not apparently developed the disease. P < 0.05, Log-Rank test. (D) Ability of Tregs to suppress the autoimmune pathology was examined in vivo by transferring Tregs isolated from the spleen of wild-type NOD mice (blue: n ¼ 13) or from homozygous 2m9L huAIRE-Tg (black: n ¼ 13) into homozygous 2m9L huAIRE-Tg recipients. No prolongation of recipient survival was observed when Tregs isolated from homozygous 2m9L huAIRE-Tg were used, in comparison with those from untreated homozygous 2m9L huAIRE-Tg (red: n ¼ 52, adapted from Fig. 2A) . P < 0.001, Log-Rank test. (E) In vitro suppression assay showed that the suppressive activity of Tregs from wild-type NOD was indistinguishable from that of Tregs from (Fig. S3E, right) . The in vivo and in vitro function of Tregs from homozygous 2m9L huAIRE-Tg is described in the section "3.4. Cellular mechanisms underlying the development of muscle-specific autoimmunity caused by additive expression of AIRE" below.
Development of muscle-specific autoimmunity in huAIRE-Tg
During the generation of homozygous huAIRE-Tg for each line, we unexpectedly observed body weight loss followed by premature death of all homozygous huAIRE-Tg from line 2m9L (and also a small number from line 1m4L; see below), both females and males ( Fig. 2A) . Pathological examination demonstrated marked infiltration of immune cells into skeletal muscle throughout the body in all of the homozygous huAIRE-Tg (Fig. 2B, left) . Immunohistochemical analyses showed that these infiltrating cells were predominantly CD4 þ T cells and CD11b þ F4/80 þ inflammatory cells (Fig. 2C) . In most cases, we also observed severe pathological changes in the heart (Fig. 2B, right) , and we suspected that the premature sudden death in homozygous 2m9L huAIRE-Tg had been due to heart failure and/or arrhythmia. We also observed lymphoid-cell infiltrations in other organs such as kidney (8 out of 9 mice examined), liver (5 out of 9 mice) and lung (3 out of 9 mice) from homozygous 2m9L huAIRE-Tg, but not from heterozygous huAIRE-Tg (Fig. 2D) . However, the degree of infiltration of immune cells in these organs was much milder than that in muscle and heart (data not shown). Of note, both heterozygous and homozygous huAIRE-Tg showed no pancreatic pathology, in marked contrast to control littermates ( Fig. 2D ; histology is not shown, but was similar to that from Aire-KO/ huAIRE-Tg shown in Fig. 1E ). Consistent with this finding, heterozygous 2m9L huAIRE-Tg showed complete resistance to diabetes development (n ¼ 54), whereas female mice from the other two lines developed diabetes similarly to control littermates [55.6% in line 1m4L (n ¼ 9); 100% in line 8 L (n ¼ 5); 64.7% in nonTg (n ¼ 17)] when the cumulative incidence of diabetes development was monitored until 40 weeks of age. The mechanisms underlying the acquisition of resistance to diabetes in line 2m9L are currently unknown, and detailed analyses of this phenotype are now underway. Whether CD4 þ T cells specific for insulin are present in heterozygous 2m9L huAIRE-Tg, and how these cells, if present, respond upon challenge with insulin peptide, might be crucial in future investigations. Because the pathological changes in homozygous 2m9L huAIRETg showed marked similarity to the human autoimmune disorder polymyositis, which affects skeletal muscles predominantly in the limbs, together with heart muscle in severe cases [28] , we investigated whether the disease in homozygous 2m9L huAIRE-Tg was due to autoimmunity. First, we examined production of autoantibody against skeletal muscle and heart using immunohistochemistry, and found that sera from all homozygous 2m9L huAIRE-Tg showed reactivity against these tissues, whereas those from heterozygous huAIRE-Tg (data not shown) or non-Tg littermates contained no such autoantibodies (Fig. 3A) . Western blot analysis demonstrated major reactivity against a protein of more than 250 kDa, most likely myosin (Fig. 3B) [29] . Indeed, sera from homozygous huAIRE-Tg showed reactivity against purified myosin (Fig. 3B) .
The production of autoantibody against skeletal muscle and heart was age-dependent. We found that homozygous 2m9L huAIRE-Tg at five weeks of age produced no detectable autoantibody against these tissues, as examined by Western blotting (Fig. 3C) . However, all the mice produced autoantibody by 11 weeks of age upon sequential monitoring of individual mice. Consistent with disease autoimmunity, supplementation of drinking water with prednisolone completely abolished their premature death (Fig. 3D) .
Of note, polymyositis-like autoimmunity in homozygous 2m9L huAIRE-Tg described above was not confined to a NOD background. Instead, similar phenotypes were observed after backcrossing 2m9L huAIRE-Tg onto a Balb/c background for more than four generations (data not shown). Thus, the effect of the augmented AIRE/Aire expression in vivo was evident in broader experimental settings.
3.3. Development of muscle-specific autoimmunity is due to the gene-dosage effect of huAIRE/Aire
Although we observed the development of polymyositis-like autoimmunity from line 2m9L only when the transgene was homozygous and not heterozygous, this was not due to homozygous disruption of the genomic region important for regulating self-tolerance through transgenic insertion. Rather, the disease was due to the gene-dosage effect of huAIRE/Aire for the following reasons. First, transgenic insertion in line 2m9L, determined by Southern blot analysis [revealing that the transgenic integration into the genome was at a single site (Figs. S4A and S4B)] and by the adaptor-ligated PCR method [30] , was shown to occur in an intergenic region of chromosome 16qC4, where no functional genes have been recorded (Fig. S4C) . Second, we observed development of muscle-specific autoimmunity from another huAIRE-Tg line, 1m4L, when bred onto homozygous mice ( Fig. 4A and B) : FISH analysis showed that the transgene was located on chromosome 19qB in line 1m4L (Fig. 4C) . In contrast to line 2m9L, however, only~20% of homozygous 1m4L huAIRE-Tg manifested the disease (Fig. 4D) . Therefore, we assume that the amount of huAIRE/Aire protein expressed in homozygous 1m4L huAIRE-Tg was close to the threshold required for inducing the disease. Third and most convincingly, we observed development of the disease in 100% of animals produced by crossing line 2m9L with 1m4L in order to generate compound heterozygosity (Fig. 4E) , thus excluding the possibility that the phenotype was due to disruption of the particular genomic loci by transgenic insertion. Finally, homozygous 2m9L huAIRE-Tg lacking endogenous mouse Aire generated by crossing homozygous 2m9L huAIRE-Tg onto Aire-deficient NOD mice showed a significant delay of premature death in comparison with homozygous 2m9L huAIRE-Tg/Aire-sufficient NOD mice (Fig. 4F) , although musclespecific pathological changes remained (Fig. 4G) . These results strongly suggested that tissue-specific autoimmunity was paradoxically induced when an excess amount of autoimmune- 
Cellular mechanisms underlying the development of musclespecific autoimmunity caused by additive expression of AIRE
Our reciprocal BM transfer experiment suggested that both BMderived cells and non-BM-derived cells expressing huAIRE were required for the development of polymyositis-like autoimmunity in homozygous 2m9L huAIRE-Tg (Fig. 5A) . Interestingly, BM from heterozygous 2m9L huAIRE-Tg also induced polymyositis-like autoimmunity when transferred into homozygous 2m9L huAIRETg (Fig. 5B) .
The disease was caused by the autoimmune T-cell repertoire in homozygous 2m9L huAIRE-Tg. When purified splenic T-cells isolated from homozygous 2m9L huAIRE-Tg were transferred into immunodeficient NOD.scid mice, all the mice developed polymyositis-like autoimmunity (Fig. 5C ) with no pancreatic pathology (data not shown). It was noteworthy that T cells isolated from the diseased mice (Fig. 5C , red line) induced lethality due to polymyositis-like autoimmunity in NOD.scid mice more quickly than those isolated from mice that had not apparently developed the disease (Fig. 5C, blue line) . In marked contrast, T cells isolated from control non-Tg NOD mice induced lethality associated with severe diabetes, but not polymyositis-like autoimmunity, in all of the recipient mice (Fig. 5C, green line) .
We examined the ability of Tregs to ameliorate the lethal autoimmunity seen in homozygous 2m9L huAIRE-Tg. When we transferred Tregs isolated from the spleen of wild-type NOD mice into homozygous 2m9L huAIRE-Tg, we observed prolongation of survival of the recipient homozygous 2m9L huAIRE-Tg (Fig. 5D , blue line). However, when we transferred Tregs isolated from the spleen of homozygous 2m9L huAIRE-Tg, we did not observe such an effect (Fig. 5D, black line) . This was not due to the defect of the general suppressive activity of Tregs from homozygous 2m9L huAIRE-Tg because in vitro suppression assay showed no obvious difference in the Treg activity between wild-type NOD mice and homozygous 2m9L huAIRE-Tg (Fig. 5E) . Furthermore, the total numbers of Tregs in the periphery remained unchanged in homozygous 2m9L huAIRE-Tg (Fig. S3E, right) . We speculate that the repertoire of the Tregs produced in the thymus had been changed by additive expression of huAIRE. In this case, we assume that Tregs specific for muscle-specific antigens were not positively selected in the thymic microenvironment due to the altered spectrum of TRAs expressed from mTECs. Consequently, Tregs that were activated by muscle-specific antigens and able to suppress the muscle-specific autoimmune response in periphery might have been missing in homozygous 2m9L huAIRETg.
Transfer of sera from diseased homozygous 2m9L huAIRE-Tg into wild-type NOD mice induced no inflammatory changes in muscle tissues (data not shown), suggesting that the autoantibodies themselves were not pathogenic. Because B cells might play an important role in activation of autoreactive T cells as peripheral APCs, we next investigated whether B cells are required for the disease process by crossing homozygous huAIRE-Tg onto B-celldeficient NOD mice. B-cell-deficient homozygous huAIRE-Tg showed significantly milder disease with only rare lethality (Fig. 5F ). These results suggested that B cells are an important component of muscle-specific autoimmunity, acting primarily as APCs. Consistent with disease autoimmunity, homozygous 2m9L huAIRE-Tg developed no disease when crossed with Rag2-deficient NOD mice (Fig. 5G) . The disease occurred under germ-free conditions in this model (Fig. 5H). 3.5. Impaired negative selection and Treg production in the thymic microenvironment additively expressing huAIRE due to altered development of mTECs
We investigated whether additive expression of huAIRE in the thymus altered negative selection. We employed a TCRtransgenic model in which Aire plays an essential role in clonal deletion of T cells specific for a model self-antigen of ovalbumin (OVA) driven by the rat insulin promoter (RIP-OVA Tg) [8, 9, 31] . For this purpose, we crossed 2m9L huAIRE-Tg onto C57/BL6 for more than ten generations. OVA-specific TCR Tg (OT-II) on a homozygous huAIRE-Tg background showed a reduction in the percentage and number of clonotypic T cells in the thymus (Fig. 6A, upper and 6C ), suggesting that positive selection was impaired in this setting. When OVA-specific TCR Tg were crossed with RIP-OVA Tg on a non-huAIRE-Tg background, we observed deletion of clonotypic CD4 þ T cells in the thymus (Fig. 6AeC) . In contrast, when OVA-specific TCR Tg were crossed with RIP-OVA Tg on a homozygous huAIRE-Tg background, deletion of clonotypic CD4 þ T cells was not observed (Fig. 6AeC) . In this TCR-Tg model, Vb5 þ clonotypic Foxp3 þ Tregs in the thymus were generated only when OT-II mice were crossed with RIP-OVA Tg, and we found that homozygous huAIRE-Tg produced almost no clonotypic Tregs in this experimental setting ( Fig. 6D and E) . Thus, both clonal deletion and production of antigen-specific Tregs in the thymus were impaired in homozygous huAIRE-Tg demonstrated by the TCR-Tg system. We isolated CD80 low immature mTECs (mTEC low ) and mature CD80 high mTECs (mTEC high ) from RIP-OVA Tg on wild-type and homozygous 2m9L huAIRE-Tg, both on a C57BL/6 background, and measured the levels of OVA expression. OVA expression by mTEC low was reduced in homozygous huAIRE-Tg relative to wild-type mice (Fig. 6F) . In contrast, OVA expression by mTEC high was similar between homozygous huAIRE-Tg and wild-type mice, reminiscent of the somewhat retained OVA expression by mTECs lacking Aire [8] or harboring Nik mutation [26] , despite the fact that clonal deletion of OT-II cells was impaired in both cases. Because homozygous 2m9L huAIRE-Tg on a NOD background developed autoimmunity against the myosin heavy chain (MyHC) in a polyclonal setting, we examined the expression of cardiac-type MyHC (a-MyHC: Myh6) and skeletal muscle-type MyHC (b-MyHC: Myh7) in TEC populations using real-time PCR. Myh6 transcripts were not detected in any TECs of wild-type NOD, as reported previously [29] , or in those from homozygous huAIRE-Tg (data not shown). In contrast, mTEC high from wild-type NOD expressed Myh7, and its expression by mTEC high in homozygous huAIRE-Tg was significantly reduced (Fig. 6G) , possibly accounting for the impaired clonal deletion of T cells and/or production of Tregs specific for Myh7 in homozygous huAIRE-Tg. mTECs influenced by the expression of huAIRE, we performed RNA-seq analysis using FACS-sorted mTEC high populations from various strains of mice we established, all on a NOD background. We obtained data from triplicate samples each group of mice, and set FDR q < 0.05 as the level of significance. We first compared the transcriptome between Aire-deficient mice and wild-type mice, and found that 265 genes were down-regulated whereas 251 genes were up-regulated in Aire-deficient mice (Fig. 7A) : we defined these genes as "Aire-induced" (in red) and "Airerepressed" (in blue), respectively. Knowing these Aire-regulated genes, we next compared the transcriptome between Airedeficient heterozygous 2m9L huAIRE-Tg (Aire-KO/hetero-Tg) and wild-type mice to observe the effect of huAIRE expression in a mouse mTEC environment lacking endogenous mouse Aire. We found that segregation between Aire-induced and Aire-repressed genes was completely cancelled in the presence of huAIRE (Fig. 7B) , indicating that huAIRE compensated for the loss of endogenous mouse Aire in mTECs on a global scale. These results are consistent with the fact that crossing huAIRE-Tg onto Airedeficient mice was able to completely abrogate the lethal phenotype of Aire-deficient mice on a NOD background ( Fig. 1D  and E) .
We then compared the transcriptome between homozygous 2m9L huAIRE-Tg and wild-type mice, and found that there were many differentially expressed genes: 430 genes were up-regulated and 818 genes were down-regulated in homozygous huAIRE-Tg (Fig. 7C, colored in orange) . Again, we found no segregation between Aire-induced genes and Aire-repressed genes on a global scale in this setting (Fig. 7D) . However, we also noticed that there were many Aire-dependent genes (i.e., genes down-regulated in Aire-deficient mice) that were down-regulated in homozygous 2m9L huAIRE-Tg, including salivary protein 1 (Sap1) and Ins2 (see the section "3.7. Expression of prototypic Aire-dependent TRAs from mTECs additively expressing huAIRE" below for detailed analysis). Furthermore, we found that several Aire-independent TRAs [32] (Fig. 7E , colored in green) were also down-regulated in homozygous huAIRE-Tg.
Functional annotation of genes up-regulated in homozygous 2m9L huAIRE-Tg compared with wild-type mice using DAVID Bioinformatics Resources 6.7 revealed many immunologically relevant pathways (Fig. 7F) : three out of the top five pathways (i.e., 1, response to virus; 2, cell adhesion; 4, immune system process) overlapped with the pathways that were affected by the lack of endogenous mouse Aire (data not shown), suggesting that huAIRE has a common impact with mouse Aire on creation of the transcriptome in the mTEC high population.
We also compared huAIRE-regulated genes in B cells with those in mTEC high in heterozygous 2m9L huAIRE-Tg, and found that they were distinct (Fig. 7G) : genes that were up-regulated (in blue) and down-regulated (in red) in B cells did not segregate in a scatter plot generated from mTEC high . These results suggest that Aire regulates gene expression in a cell type-specific manner beyond mTECs, as has been demonstrated for b-cells in the pancreas [33] , eTACs [14] and thymic B cells [3] .
Expression of prototypic Aire-dependent TRAs from mTECs additively expressing huAIRE
We then focused on the expression of two prototypic Aireinduced TRA genes, Sap1 and Ins2, from mTECs to see how the loss of Aire or augmented huAIRE/Aire expression affects the expression of these Aire-regulated genes (Fig. 7H) . Aire-deficient mice (marked as "KO" in Fig. 7H ) showed no detectable levels of these genes, as reported previously [10] . Expression of Ins2 and Sap1 was inversely correlated with huAIRE expression (marked as "Tg" and "Tg/Tg"), and homozygous huAIRE-Tg showed no detectable expression of these genes despite the fact that homozygous huAIRE-Tg contained~10% mTECs expressing endogenous mouse Aire (see Fig. 8A below) . Surprisingly, Aire-deficient homozygous huAIRE-Tg (marked as "KO/TgTg") showed expression of these Aire-induced genes, although their expression levels did not reach those of wild-type mice (marked as "WT"). This result was unexpected because both Aire-deficient mice and homozygous huAIRE-Tg showed no detectable levels of Sap1 and Ins2 expression. Expression of huAIRE showed the expected patterns from each strain, and the expression levels of endogenous mouse Aire were inversely correlated with those of huAIRE on an endogenous mouse Aire-sufficient background (Fig. 7H, lower panels) . These results suggested that transcriptional control of these prototypic Aire-induced TRA genes by huAIRE/Aire may not be a direct event. Rather, these Aire-dependent TRAs are induced indirectly by huAIRE/Aire, for example, through control of the maturation process of mTECs [34] .
Altered development of mTECs by additive expression of huAIRE
We thus hypothesized that reduced expression of TRAs such as Myh7, Sap1 and Ins2 by mTECs from homozygous 2m9L huAIRE-Tg was associated with the altered development of mTECs. We found that the percentage of mTECs expressing endogenous mouse Aire was inversely correlated with huAIRE expression, as examined by flow cytometry (Fig. 8A, lower left) , and that the absolute number of mTECs expressing endogenous mouse Aire was also decreased in homozygous huAIRE-Tg relative to non-Tg (Fig. 8A, lower right) . Reduced Aire expression was confirmed by real-time PCR (Fig. 8B) . huAIRE-Tg also showed alteration of TEC composition: both cTECs and mTECs were increased in both heterozygous and homozygous huAIRE-Tg (Fig. 8C, left) despite their small thymi (Fig. S3A) , and the ratios of cTECs to mTECs were altered in homozygous huAIRE-Tg (Fig. 8C, middle) . The absolute numbers of mTEC low , but not mTEC high , were increased in homozygous huAIRE-Tg (Fig. 8C,   right) . In addition to the expression of Aire-dependent TRAs, an Aire-independent TRA of C-reactive protein (Crp) from mTEC high was also down-regulated in homozygous huAIRE-Tg (Fig. 8D, left) , as noted by RNA-seq analysis ( were defined as 1. KO/Tg and KO/TgTg denote heterozygous and homozygous 2m9L huAIRE-Tg lacking endogenous mouse Aire, respectively. The data are indicated as averages and SEMs obtained from three repeated experiments using mice at two weeks of age, with preparation of triplicate samples for each experiment. **, P < 0.01; *, P < 0.05. of flow-cytometric analysis (Fig. 1B) , huAIRE was detected in all TEC populations in homozygous huAIRE-Tg (Fig. 8D, right) . Because epidermis and mTEC have some common features in terms of their developmental program [23, 35, 36] , we focused on the expression profiles of keratinocyte-related genes in our RNAseq data set obtained from huAIRE-Tg. Expression of involucrin, loricrin and Spink5, genes expressed from terminally differentiated mTECs, were down-regulated in homozygous huAIRE-Tg (Fig. S5) , as demonstrated previously for Aire-deficient mTECs [23] . Many keratinocyte-related genes (e.g., Krt1, Krt2, Krt4, etc.) which have been shown to be down-regulated in Aire-deficient mTECs [35, 36] , were also down-regulated in those from homozygous huAIRE-Tg. Given that Aire has a role for promoting the differentiation program of mTEC [34] , these results suggested that both Aire deficiency and augmented huAIRE/Aire expression had a similar impact on the developmental program of mTECs, creating the defect in their maturation and tolerogenic function such as clonal deletion and Treg production, at least in part through impairment of TRA expression.
Augmentation of the costimulatory pathway by expression of huAIRE in peripheral APCs
In addition to the high expression of huAIRE in the thymus, its expression in peripheral APCs was necessary for the development of polymyositis-like autoimmunity (Fig. 5A) , in which B cells play an important role (Fig. 5F ). We found that more than 50% of splenic B-cells expressed huAIRE in homozygous 2m9L huAIRE-Tg (Fig. 9A) . Interestingly, huAIRE þ B-cells from homozygous huAIRE-Tg expressed significantly higher levels of CD86 and slightly higher levels of CD40 and PD-L1 compared with those in huAIRE À B-cells ( Fig. 9B and C) , whereas expression of both CD80 and PD-L2 was indistinguishable between huAIRE þ and huAIRE À B-cells. These results suggested that augmented expression of costimulatory molecules in peripheral APCs plays a role in the breakdown of peripheral tolerance in this model, although we cannot rule out the possibility that these changes might be secondary to the development of muscle-specific autoimmunity.
Discussion
Through transgenic technology, enforced expression of single TRAs that are not detectable in mTECs has been shown to render autoimmune-prone mice tolerant to the corresponding TRAs, thus curing their autoimmunity [29, 37] . Because the primary action of Aire has been suggested to promote TRA expression by mTECs [10] and to functionally inactivate CD4 þ T cells in the periphery [13] , it was striking that additive expression of huAIRE in mTECs and peripheral APCs resulted in paradoxical impairment of TRA expression and augmentation of costimulatory expression, respectively. Our results highlight the importance of coordinated action between central tolerance and peripheral tolerance under the common control of Aire.
The present results strongly suggest that level of Aire expression needs to be tightly controlled to prevent autoimmunity: even the transcription factor of Aire necessary for establishing self-tolerance can become harmful once its expression has become excessive. In this regard, the connection between the increased frequency of autoimmune diseases in Down syndrome and AIRE merits attention: Down syndrome is caused by trisomy of chromosome 21, in which AIRE is located. Although the levels of AIRE expression have been inconsistent among studies, all reports have attributed the propensity for autoimmunity in Down syndrome to the altered levels of expression of TRAs controlled by AIRE [38e40]. Interestingly, two groups have reported that expression of both AIRE and TRAs were, in fact, decreased in Down syndrome [38, 40] . One possible explanation for this is that reduced AIRE expression might be a result of perturbation of mTEC development caused by the gene-dosage effect of AIRE due to chromosome 21 trisomy, as we observed for huAIRE-Tg. Consistent with this idea, structural alternations of the thymus have been noted in all the studies of Down syndrome [38e40]. Thus, it is possible that dysfunction of AIRE is caused not only by AIRE mutation but also by the altered gene dosage of AIRE. Accordingly, it would also be interesting to determine whether AIRE is overexpressed in some patients with thymomas that are associated with polymyositis and/or myocarditis [41e43], in view of their phenotypic similarities with homozygous 2m9L huAIRETg described in this study. Although thyroiditis, hypothyroidism and type 1 diabetes, but not polymyositis, are common in Down syndrome [44e46], the phenotypic difference between the autoimmune disease seen in Down syndrome and polymyositis-like autoimmunity we observed in homozygous huAIRE-Tg may not exclude the common mechanisms underlying the autoimmune pathogenesis in the two situations. This is supported by the fact that AIRE deficiency in humans and that in Aire-deficient mice have little overlap with regard to the target-organ specificity of autoimmune disease [10,47e49] . So far, a link between molecular targets of autoimmune attack and TRAs down-regulated in mTECs from patients with Down syndrome has not been reported [38e40] . Similarly, although we found that expression of Myh7, a muscle autoantigen, was down-regulated in mTECs from homozygous 2m9L huAIRE-Tg (Fig. 6G) , a general link between the spectrum of TRAs shaped by altered huAIRE/Aire expression and the target-organ specificity of autoimmune attack awaits further study.
We utilized human AIRE instead of mouse Aire for augmentation of huAIRE/Aire expression because this enabled us to distinguish transgenically expressed huAIRE from endogenous mouse Aire. It is noteworthy that huAIRE was able to compensate for the loss of endogenous mouse Aire: transgenic huAIRE expression abrogated the lethal phenotype of Aire-deficient NOD mice ( Fig. 1D and E) , clearly indicating that huAIRE is functional in mice. Our transcriptomic analysis of mTECs from Aire-KO/ huAIRE-Tg also supported this view: expression of huAIRE was able to largely normalize the transcriptome alteration caused by the deficiency of endogenous mouse Aire on a global scale (Fig. 7B) .
Nevertheless, it is noteworthy that there were many Aireinduced TRAs, such as Sap1 and Ins2, that were almost absent from mTECs in homozygous huAIRE-Tg: this was observed despite the fact that homozygous huAIRE-Tg contained~10% mTECs expressing endogenous mouse Aire (Fig. 8A) . We think that this was not due to inhibition of endogenous mouse Aire by huAIRE because homozygous huAIRE-Tg either deficient for or sufficient for endogenous mouse Aire never showed the phenotypes of Aire deficiency on a NOD background (i.e., massive acinar cell destruction in the pancreas and severe pneumonitis) [18] (data not shown). We assume that both Aire deficiency and additive expression of huAIRE caused the defect in mTEC maturation that would result in altered TRA expression [34] . Consistent with this idea, crossing Aire-deficient mice with homozygous huAIRE-Tg (Aire-KO/homozygous huAIRE-Tg), that would alleviate the extreme effect of either complete absence of Aire (in Aire-deficient mice) or excess huAIRE/Aire (in homozygous huAIRE-Tg) on mTEC maturation, led to recovery of the expression of these Airedependent TRAs (Fig. 7H) . Accordingly, homozygous 2m9L huAIRE-Tg lacking endogenous mouse Aire (Aire-KO/homozygous huAIRE-Tg) showed a significant delay of premature death in comparison with homozygous huAIRE-Tg possessing endogenous mouse Aire (Fig. 4F) .
Because we utilized the MHC-II promoter to express huAIRE in thymic and peripheral APCs, cTECs from huAIRE-Tg also harbored huAIRE, although to a lesser extent compared with that from mTECs. However, we think that the contribution of huAIRE þ cTECs to the development of muscle-specific autoimmunity in homozygous huAIRE-Tg is rather minimal because a semi-knockin strain of NOD-background mice expressing mouse Aire under control of the promoter of b5t, a thymoproteasome expressed exclusively in the cortex, did not confer transcriptional expression of either Airedependent or Aire-independent TRAs from cTECs [25] . The thymic microenvironment harboring Aire þ cTECs also showed no obvious alteration of positive selection (i.e., usage of TCRa-and TCRb-chains for CD4 single-positive and CD8 single-positive thymocytes) [25] , suggesting that generation of the muscle-specific autoimmune T cell repertoire in homozygous huAIRE-Tg is most likely attributable to the phenotypically altered mTECs caused by huAIRE expression. Although expression of huAIRE resulted in altered development of mTECs with defective expression of a wide variety of TRAs, it remains unknown why the breakdown of self-tolerance culminated in muscle destruction. In this connection, it is interesting to note that transgenic mice expressing HLA-DQ8 (DQA1*0301/DQB1*0302), a human MHC-II subtype associated with type 1 diabetes, simultaneously lacking endogenous mouse MHC (I-Ab) on a NOD background developed autoimmune myocarditis but not polymyositis, although autoantibodies produced in the mice reacted with both the cardiac type (a-MyHC) and the skeletal muscle type (b-MyHC), probably due to epitope spreading [50e52]. Altered expression of immunological self by MHC-II þ APCs through expression of autoimmune-prone MHC (i.e., HLA-DQ8) and an excess amount of huAIRE/Aire (described in the present study) might be an interesting common feature for the development of muscle-specific autoimmunity. The exact identity between huAIRE þ peripheral APCs in our huAIRE-Tg and Aire þ BM-derived non-conventional APCs in secondary lymphoid organs, eTACs [13, 14] , remains unknown. Although high MHC-II expression was observed in both huAIRE þ peripheral APCs and eTACs, it has been reported that the latter population does not express the costimulatory molecule of CD86 [14] . More studies will be required to clarify the characteristics and function of Aire-expressing cells outside the thymus. Finally, precise identification of Aire's target genes remains an important task for understanding the tolerance mechanisms that are established by Aire. Our transcriptomic analysis of mTECs overexpressing huAIRE/Aire from huAIRE-Tg, in combination with transcriptomic analysis of mTECs from Aire-deficient mice, might help us to characterize the target genes that are controlled by Aire in vivo.
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